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ABSTRACT 
This repor t  descr ibes  the resu l t s  of investigations of the effects of 
gamma irradiat ion on the electr ical  propert ies  (pr tmar i ly  c a r r i e r  
l ifetime) of both Al-and Li-doped silicon. The resu l t s  of init ial  
studies of the radiation sensitivity of Li-doped mater ia l  were  
rendered uncertain due to an inhomogeneous distribution of Li 
throughout the bulk of the silicon samples  employed. Subsequently, 
a procedure was developed involving a diffusion and distribution 
cycle e,mploying considerably longer t imes and higher tempera tures  
than previously used. Use of this technique resulted i n  the preparat ion 
of a considerably m o r e  homogeneous Li-doped sample.  Studies of 
Al-doped ma te r i a l  demonstrate that Czochralski -grown Al-doped Si 
that undergoes an  appreciable resis t ivi ty  change upon heat  t rea tment  
< ( -  a factor of two) apparently i s  significantly l e s s  sensit ive to gamma 
i r rad ia t ion  than comparable B-doped crucible-grown mater ia l .  I t  i s  
fe l t  that these findings constitute an important  breakthrough that m a y  
have significant impact  on future so lar  cell  technology. 
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1. PNTRODUC TION 
This r epor t  descr ibes  the resu l t s  of investigations of the effects of radiation 
on the electr ical  propert ies  (pr imari ly  c a r r i e r  l ifetime) of bulk silicon which 
has  been doped with aluminum o r  lithium. Although considerable pract ical  
i n t e re s t  i s  centered around radiation effects in  solar  cel ls ,  it i s  important 
that the processes  associated with radiation-induced defects be understood. 
Studies of bulk mater ia l  a r e  the logical way to study a t  leas t  p a r t  of these 
processes ,  and provide a means for  separating the effects that a r e  intr insic  
to silicon f r o m  those that a r e  associated with the presence of a junction. 
F o r  example, in the case  of a mobile impurity such a s  lithium, the impurity 
distribution near  the junction may  be extremely nonhomogeneous. I t  is  un- 
likely that the behavior with such a distribution will be understood until a n  
adequate understanding of the homogeneous case  i s  obtained. 
In teres t  in lithium-doped ma te r i a l  i s  extensive, and a g rea t  deal of data have 
1-5 been accumulated on the radiation vulnerability of lithium-doped so lar  cel ls .  
Grea t  promise  has  been shown for  the potential u se  of these devices in a space 
radiation environment. However, the obvious dependence of the observed 
behavior on the ma te r i a l  f r o m  which the solar  cel ls  have been fabricated, 
and apparent inconsistencies among cells thought to be identical, point to the 
necessi ty  of a better understanding of the basic processes  of defect creat ion 
and subs equent annihilation. 
Another ma te r i a l  of g rea t  interest ,  and the one upon which the mos t  effort  
has  been current ly expended i s  Al-doped Si. In ear ly studies of the effects  
6-8  
of dopant impurit ies on neutron degradation of Si, i t  appeared possible 
that Al-doped ma te r i a l  was subs tantially m o r e  radiation- r e s i s  tant than m a t e r i a l  
9 doped with boron o r  gallium. Subsequent studies appeared to support this  
result .  Fur ther  in t e res t  in this phenomenon was promoted by personal 
communication with various m e m b e r s  of'the technical community who ex- 
p res sed  the belief that  they, too, had seen specific instances in which Al-  
doped ma te r i a l  seemed particularly invulnerable to radiation. On the other  
hand, there  was concern that these resul ts  were  not reproducible. We were  
particularly concerned about the validity of our data due to the poor 
quality of the mater ia l s  we had used. At the t ime the experiments were  
performed, the only Al-doped crys ta l s  available were  grown by the 
Czochralski technique. These mater ia l s  contained obviously la rge  concen- 
trations of both trapping and recombination centers .  Because of the poor 
quality of the s tar t ing mater ia l ,  we found it necessary  to anneal the samples  
before performing experiments.  In the process ,  we observed something 
that had been discovered ear l ie r ,  1 0 , l l  that the equilibrium c a r r i e r  concen- 
0 
tration changed af te r  annealing in the region of 400 C and above. This did 
not particularly concern us ,  and it gave a means of obtaining a range of r e  - 
sistivit ies f rom a single ingot. 
To refine the experiment,  some high-quality float zone ma te r i a l  was ob- 
tained la te r .  Since the lifetime was long and trapping effects small ,  the 
difficulties of ea r l i e r  experiments were  avoided. However, the experimental  
resul ts  were  disappointing. The Al-doped mater ia l  was just a s  sensit ive to  
radiation a s  was B-doped silicon, The information to be presented h e r e  
concerning Al-doped mater ia l s  deals pr imar i ly  with an  effort to reconcile 
the experimental data and l ea rn  under what conditions Al-doped ma te r i a l  
is relatively invulnerable to  radiation. 
The  type of space radiation mos t  important to  the u s e r s  of so lar  cel ls  is  
usually electrons with energies  on the order  of 1 MeV. F o r  the purposes of 
60 
this study we chose instead to u s e  Co gamma radiation. Such radiation 
introduces damage homogeneously into la rge  bulk samples  so  that  the effects 
of nonhomogeneous damage distributions a r e  avoided. The physical na ture  
of the defects introduced m u s t  be ve ry  s imi lar  to that obtained with electron 
i r radiat ion since the damage mechanism occurs  through the interaction of 
Compton electrons produced by the gamma rays with the silicon lattice. 
Those electrons having energies below the threshold for displacement a r e  
unimportant, and the remaining pa r t  of the spectrum i s  reasonably s imi l a r  
to that of interest .  In addition, the relatively low dose r a t e  produced by 
5 
the gamma source ( % l o  ~ / h )  m o r e  nearly approximates a space radiation 
environment than that provided by usual  electron acce lera tors .  A fur ther  
advantage of the gamma source i s  that i t  permits  a la rge  number of samples  
to be i r rad ia ted  simultaneously and thus insures  that any observed impurity 
effects a r e  riot influenczd by dosimetry measurements .  
2 .  EXPERIMENTAL TECHNIQUES 
2.  1 Prepara t ion  of Lifetime Samples 
~ l l  the samples  employed in  these studies were  prepared f r o m  single c rys  - 
tal  ingots which were  purchased f rom commercia l  suppliers.  However, Li- 
doped samples were  prepared in our  laboratory by diffusing lithium into 
sample blanks cut f r o m  purchased crys ta l s .  The techniques used to produce 
these samples  a r e  descr ibed i n  Section 2 . 4 .  
To insure  that the diffusion lengths were  smal l  compared to the minimum dim- 
ension of the samples ,  relatively la rge  samples  were  employed i n  the inves- 
tigations. This precaution minimized surface effects and thus insured  that 
bulk l ifetimes were  being observed. Most of the samples were  approximately 
7mm thick, 7mm wide and 30mm long, but some samples approximately one- 
half a s  thick were  a l so  used. 
The ends of the samples were  ultrasonically tinned with solder to provide 
p r e s s u r e  contacts with the sample holders  used for  the various e lec t r ica l  
measurements .  The quality of the contacts was determined by measuring 
the forward and r eve r se  resis tances of each sample a t  both room temper -  
a ture  and a t  dry i ce  temperature.  If no rectification was observed a t  low 
temperature,  a potential profile was obtained fo r  the sample in our initial 
investigations to determine the i-esis tivity, l inear  h ~ i ~ i s g e n e i t y ,  and the 
contact resis tances.  In la te r  studies,  conventional four-point probe techniques 
were  used to measure  resis t ivi t ies  (especially for  Al-doped samples) .  
2 . 2  Lifetime' Measurements 
C a r r i e r  lifetimes were  measured  using the photoconductivity decay technique 
following injection of excess  c a r r i e r s  by a 50 ns pulse of either 100 o r  150 kV 
x-rays.  Measurements were  performed a s  a function of temperature in  the 
0 
temperature range f rom -208 to "526 K for samples having initial room tem-  
pera ture  lifetimes longer than 1. 15 ps. Samples having shorter  lifetimes 
0 
were  measured  a t  30 C only, in  mos t  cases.  Details of both the technique 
and the experimental apparatus used for the measurements  have been des-  
cribed previously 12, 13 . In o rde r  to obtain exponential photoconductivity 
decays it was usually necessary  to perform the measurements  a t  c a r r i e r  
-4  injection levels of % I 0  o r  less .  
2. 3 Sample Irradiation 
60 Samples were  i rradiated in the Northrop Co gamma source, which a t  the 
t ime of the experiments,  produced a dose rate  of 1. 36 x lo5 ~ / h  a t  the sample 
positions. In a typical experiment, a s  many a s  22 samples were  i r radia ted  
2 
simultaneously with a fluence of 1. 1 x 1016 gammas / cm . To minimize 
annealing during the relatively long exposure period required to obtain this 
dose (-50 hours) ,  the irradiations were performed with the samples a t  d r y  
0 ice  temperature (-78 C ) .  The samples were  allowed to warm to room tem- 
pera ture  for  post-irradiation lifetime measurements  but were then returned 
to dry ice  storage in the event that m o r e  extensive measurements  of l ifetime 
a s  a function of temperature might be desired later .  
2 .4  Preparat ion of Li-Doped Samples 
All of the Li-doped samples employed in these investigations were  prepared  
by diffusing lithium into sample blanks prepared f r o m  commercial  crystals .  
The source  of lithium was a 4.2 molar  solution of LiAlH (lithium aluminum 4 
hydride) in ether. Samples were freshly etched in CP-4  etch, immersed  in 
the hydride solution and allowed to dry  in a i r .  They were then heated i n  
vacuum to diffuse the lithium. Following the diffusion t reatment ,  the samples 
were cooled to room temperature and a l l  of the surfaces were lapped to r e -  
move excess lithium remaining on o r  near  the surface.  The samples were  
then re-etched and reheated in vacuum to distribute the lithium m o r e  uniformly 
through the samples.  Various diffusion and distribution cycles were  employed 
in an attempt to determine the optimum method of distributing the lithium 
uniformly through the samples . 
3.  RESULTS 
3.  1 Lifetime Degradation Studies 
In order  to compare the relative sensitivity of various mater ia ls  o r  devices 
to radiation, it i s  convenient to express  the sensitivity quantitatively in t e r m s  
of a lifetime damage constant. For  our purposes,  we define the damage con- 
s tant, K, through the relationship 
where T and T , respectively, a r e  the init ial  and post-irradiation 1ifeti.mes 
0 
0 
a t  30 C and ,$ i s  the gamma fluence. If the lifetimes a r e  expressed in mic ro -  
seconds, the damage constant i s  numerically equivalent to the fluence r e -  
quired to reduce the lifetime of an initially perfect sample (T  % = ) to 1 ps, 
0 
and i s  thus indicative of the radiation resis tance o r  "hardnes s " of the. mater ial .  
The constant defined in this manner i s  the reciprocal  of that employed in 
some device studies, which i s  proportional to the damage rate.  
Lifetime damage constants for  a number of samples which were  i r radia ted  
16 2 
with a s imilar  fluence of 1. 1 x 10 gammas / cm a r e  l isted in Table I. 
The sample designation employed in the table and used throughout this re- 
por t  denotes the crys ta l  manufacturer,  growth method, dopant and the 
T A B L E  I L i f e t i m e  Degrada t ion  of S i l i c  n I r r a d i a t e d  with 2 6 1. 1 x 1016 Co6' g a m m a s / c m  ( 6 . 8  x 10 R) .  
7 7 @ D a m a g e  Cons tan t ,  K S a m p l e  o 3 'I T 
- L Designat ion  P S  I-lS ( y ' s c m  p s ) x 1 0 ~ '  
GCB 8 . 4  
GCB 8 . 2  
DCB 1 1 . 6  11.0 .7.9 3.14 
T L B  4 . 3  
T L B  4 . 3  
T L B  9 . 4  
T L B  8 . 9  
DVB 9 . 4  
DVB 9 . 1  
GCAl 6 . 3  17.3 7.2 1.36 
GCAl 15 .2  27.1 11.0 2.04 
T L A l  4 . 4  
T L A l  4 . 4  
T L A l  6 . 1  
T L A l  6 . 4  
T L A l  8 . 9  
T L A l  9 . 0  
G F A l  4 . 2  60.6 8.2 1.05 
G F A l  6 . 3  
G F A l  6 . 3  
G F A l  8 . 4  
G F A l  8 . 7  
G F A l  9 . 4  3 10 12.2 
G F A l  1 0 . 0  3 82 11.9 
G F A l  9 . 9  164 25.2 
G F A l  1 0 . 0  170 26.4 
G F A l  10. 1 167 25.1 
G F A l  1 0 . 2  173 25.1 
TABLE I, continued 
Sample 
Designation 
T L P  126':' 
T L P  130  
Damage Constant, K 
:: Annealed 12 hours  a t  4 0 0 ~ ~  before irradiation. 
initial room temperature resistivity,  respectively. Ivianufacturers D, G, and 
T a r e  the Bow Corning Corp. , General Elec t r ic  Co. , and Texas Instruments ,  
Inc. , respectively. Additional Al-doped crys ta l s  were  obtained f r o m  the 
Allegheny Electronic Chemicals Co. and Electronic Space Products ,  Inc. 
These crys ta l s  a r e  not l is ted in  Table I. However, some of these ma te r i a l s  
were  used in la te r  studies and will be denoted by the appropriate manufacturer  
symbol A o r  E when they a r e  listed. Growth techniques C ,  L, V, and F rep-  
resent  the Czochralski (pulled), Lopex, vacuum-float zone and float-zone 
(argon atmosphere)  methods, respectively. 
F o r  ease  of comparison, samples  which were  prepared f r o m  the same c rys -  
ta l  a r e  grouped together in Table I. In some cases  only one sample was 
prepared f r o m  a part icular  c rys t a l  due to the poor quality of the ma te r i a l  
o r  because the c rys t a l  was too smal l  to provide multiple samp1.e~.  
The various crucible-grown crystals  obtained f r o m  the General Elec t r ic  
Company were  grown using a c rys ta l  puller designed for  r e sea rch  purposes.  
The puller had a l imited capacity and the crystals  were  consequently sma l l e r  
than those obtained f rom usual commercial  sources.  Twelve different c r y s  - 
tals weighing a total  of 550 g rams  were  grown in  an  attempt to produce 
" 100 g rams  of single c rys ta l ,  Al-doped ma te r i a l  having a nominal r e s i s  - 
tivity in the 10 ohm cm range. Many of these ingots were  unsuitable b e -  
catis e they contained ext r*er~~ely  la rge  resistivity gradients or  were  
polycrystalline. The large gradients were  presumably due to the extremely 
small  segregation coefficient of aluminum in sil icon (0. 002), and were  espe-  
cially la rge  in the shor te r  c rys ta l s .  All these c rys ta l s  were  produced 
during prel iminary experiments performed to determine optimum c rys t a l  
growth parameters  and were  not intended for use  in  this contract. However, 
a lengthy labor s t r ike  a t  the General  Elec t r ic  facil i t ies prevented fur ther  
c rys ta l  growth attempts during a c r i t ica l  periodof the contract and we were  
forced to employ the ma te r i a l  on hand. We a lso  attempted to obtain 
Al-doped crucible-grown crys ta l s  f r o m  other manufacturers .  These attempts 
were  unsuccessful due to the technical difficulties associated with the production 
of such crystals  and to the reluctance of manufacturers  to employ production 
apparatus for this purpose during the cu r ren t  worldwide shortage of single 
cyr  s ta l  silicon. 
An examination of the data in Table I shows that the damage constants of 
samples  prepared f r o m  the same crys ta l  a r e  ve ry  s imilar ,  but the values 
va ry  f r o m  crys ta l  to c rys ta l  without any c lear  dependence upon the p r e -  
i r rad ia t ion  charac ter i s t ics .  Evidently, the observed differences between 
damage constants of Al-doped samples and various c rys ta l s  which a r e  s imi lar  
i n  other respects  a r e  the resu l t  of subtle differences in the growth processes .  
With the exception of the four G F A l  samples which were  prepared  f rom the 
same  " ~ 1 0  ohm c m  crys ta l ,  a l l  of the Al-doped samples  l is ted in Table I 
appear to be m o r e  sensit ive to radiation than do the comparable B-doped 
samples .  Recent studies in  which so,me of these ,materials were  i r rad ia ted  
with neutrons revealed that they a r e  a l so  a t  leas t  a s  sensit ive to neutrons 
a s  a r e  comparable B-doped mater ia l s .  l4  The resul ts  shown i n  Table I 
ag ree  with those obtained in  a previous study of gamma-irradiated sil icon 
i n  which low resis t ivi ty  Al-doped crys ta l s  appeared to be m o r e  sensit ive to 
lifetime degradation than did co,mparable B-doped crys ta l s  . 
13 However, 
in  Section 3 .5 ,  a l l  these resul ts  a r e  placed i n  proper  perspective and the 
conditions under which Al- doped Si i s  relatively l e s s  sensit ive to i r radiat ion 
a r e  demonstrated. 
All of the Li-doped samples  l is ted in  Table I were  prepared f r o m  blanks 
cut f rom a P-doped crys ta l  grown by the Lopex process .  This c rys ta l  
was relatively long (> 9 c m )  and the resistivity var ied f rom " 100 ohm-cm 
a t  one end to -1 60 ohm-cm a t  the other. In mos t  instances,  the initial 
l ifetimes of samples  cut f r o m  the crys ta l  exceeded 100 y s,but the values 
varied m o r e  than the resistivity.  
Samples T L P  126 and T L P  130 indicated in  the table were  used to compare 
the effects of the lithium diffusion on the propert ies  of this mater ia l .  As  
noted in  the table, sample T L P  126 was annealed for 12 hours  a t  4 0 0 ' ~  
before i t  was measured.  This t reatment  was performed to determine whether 
possible effects observed in Li-diffused samples were  due partially to the 
heat treatment employed in the diffusion and distribution cycles. The fact  
that the damage constants exhibited by these two samples a r e  identical within 
experimental e r r o r  indicates that this t reatment  did not affect the radiation 
sensitivity of this mater ial .  
The Li-diffused samples exhibit a relatively la rge  range of initial resis t ivi t ies ,  
l ifetimes, and damage constants. The resistivity range i s  partly due to 
differences in the diffusion and distribution cycles employed in preparing 
the samples.  In general,  the higher resistivity samples were produced b y  
using shor ter  diffusion t imes o r  heating a t  lower temperatures .  However, 
the final resistivity of the samples could not be controlled,and the apparent 
lithium concentration in samples given the same  treatment  often varied by 
m o r e  than a factor of three.  
Compared to the starting mater ia l ,  the Li-doped mate r i a l  tends to have a n  
even higher initial l ifetime, in  spite of i ts  lower resistivity.  Evidently 
the introduction of Li  drastically lowers the concentration (or effectiveness) 
of recombination centers .  Although there i s  some sca t te r ,  the variation 
of damage constant with c a r r i e r  concentration i s  c lose to that expected 
f r o m  theory, being roughly constant a t  higher concentrations and increasing 
with decreasing number of c a r r i e r s .  However, many of the diffused samples ,  
especially those containing apparently large concentrations of lithiurn, 
exhibited trapping behavior below room tempera ture  which was not observed 
in undiffused samples.  These effects a r e  apparently due to trapping centers  
associated with defects involving lithium and become effective only below 
room temperature.  
The minimum in the curve of Figure 1 i l lustrates  the effect of these centers  
on the apparent pre- irradiat ion lifetime of sample T L P  (Li)  1. 0 of Table I. 
In contrast ,  the pre- irradiat ion curve of sample T L P  (Li)  12. 1, shown in 
Figure 2, does not display the minimum near  room temperature which i s  
character is t ic  of the trapping behavior. 
Although there i s  considerable sca t te r  in  the values of the damage constants 
of the Li-doped samples,  the resul ts  indicate that they a r e  significantly 
m o r e  radiation- resis tant  than the higher resistivity starting ma te r i a l  o r  
phosphorus -doped samples of comparable resistivity and growth type. 13  
3.2 Isochronal Annealing Studies 
Figure 2 shows the temperature dependence of the l ifetime of sample T L P  
(Li)  12. 1 before i r radiat ion and after isochronal (30 minutes) anneals a t  
the indicated temperatures .  Anneals were  performed a t  eleven different 
0 temperatures  in the range f r o m  72 to 2 5 3 O ~  (1000/T range f rom 2. 9 to 1. 9 
0 -1 K ) corresponding to equal intervals on a reciprocal absolute temperature 
1000/T RECIPROCAL TEMPERATURE (OK)-' 
Figure 1. Temperature Dependence of Lifetime of TLP(Li) 1. 0. 
~ i g u r e  2. Tempera tu re  Dependence of Lifetime of TLPiLi) 12. i Before 
and Af te r  Gamma Irradiat ion and After Subsequent Anneals. 
scale.  Temperature dependence data were  not obtained af ter  each anneal 
and some additional curves have been omitted f r o m  the figure for the sake  
of clarity. 
The radiation-induced lifetime T and p re  -irradiation lifetime T a r e  expected @ 0 
to add reciprocally, i. e. 
I t  i s  often useful to plot the "induced reciprocal  lifetime" (1 / T  ) a s  a function 4 
of temperature when the slopes of the initial and post-irradiation curves 
differ. The data of Figure 2 have been replotted in this manner in Figure 
3. As will be discussed below, the slope value assigned to the lower temper-  
a ture  l inear regions does not correspond to an  energy level position. 
Figure 4 shows the recovery of the reciprocal  lifetime of this sample m e a -  
sured a t  30°c following a one-half hour anneal a t  each of the indicated tern- 
peratures .  Since the lifetime i s  expected to vary inversely with the r e -  
combination center concentration, the curve represents  the fraction of 
radiation-induced centers  remaining af ter  each anneal. The fraction not 
annealed, f ,  i s  defined a s  
Figure  3 .  Induced Reciprocal  Lifetime vs Reciprocal  Tempera tu re  of 
T L P ( L i )  12. 1 After Gamma Irradiat ion and Subsequent Anneals. 
- 
ST IRRADIATION 
TEMPERATURE OF ANNEAL(OC) 
C 
Figure 4. Isochronal Annealing of Reciprocal Lifetime at 3 0 C of 
TLP(Li)  12. 1 Following Gamma Irradiation. 
1- 9 
where 7 and T , respectively,  a r e  the initial and post- i r radiat ion l ifetimes a t  
0 
0 30°c and 7 i s  the lifetime a t  30 C following the anneal a t  tempera ture  T .  T 
0 The absence of any significant recovery af ter  the anneal a t  72 C and the l a rge  
0 
r eve r se  annealing stage a t  84 C evident in the figure a r e  surpris ing in view 
of reported spontaneous recovery of Li-doped solar  cells a t  room tempera ture  
8, 15-17 following proton and electron i r radiat ion . I t  i s  interesting to note 
that the approximately s even-fold decrease  in  lifetime damage af ter  the anneal 
0 
a t  84 C was accompanied by a five-fold increase  in  the amount of trapping, 
indicating the creat ion of both recombination and trapping centers .  
Three additional Li-doped samples  were  isochronally annealed to de termine  
whether the r e v e r s e  annealing behavior exhibited by T L P  (Li )  12. 1 i s  charac-  
te r i s t ic  of this mater ia l .  The annealing curves for these samples a r e  shown 
in Figure 5. Although two of the samples display r eve r se  annealing behavior 
0 
af ter  annealing a t  72 C, the magnitude of the decrease  in l i fe t ime i s  much 
smal le r  than that of T L P  (Li )  12. 1. In contrast ,  sample T L P  (Li)  3, 9 does 
not exhibit r eve r se  annealing behavior. On the contrary,  m o r e  than 6070 
of the lifetime damage was rernoved f rom this sample af ter  the anneal at 
-4 H 
ti. 
I 0  
13 g 
K Y p: 
(D E 
FZ > 2 g 
3- 2 ;  
1 0 9  
Y. 
FRACTION NOT ANNEALED 
0 72 C and al l  of the damage was removed a t  ~ 5 3 ~ ~ .  The large differences in  
the isochronal annealing behavior of the samples of Figures 4 and 5 i s  another 
indication of variations among samples which was also evident in the t emper -  
a ture  dependence of the lifetimes and the induced reciprocal  lifetimes of the 
samples following various anneals. 
3. 3 Homogeneity of Li-Doped Samples 
In specifying sample resis t ivi t ies ,  potential profiles of Li- diffused samples 
were  used to give an  indication of the dopant distribution throughout the 
volume of the sample. This procedure was based upon the resul ts  of a 
number of ear l ie r  experiments in which lithium was evaporated on two op- 
posite faces of a slab of silicon approximately 7mm thick and potential pro-  
file measurements  were  performed on smal l  samples which were  cut f r o m  
this slab following various hea t  treatments . 
Figure 6 shows the effect of two different heat t reatments  on the potential 
profile of a sample which was cut f rom a slab of "60 ohm-cm P-doped 
0 
ma te r i a l  into which lithium was diffused for  4 hours  a t  42 5 C.  Note that 
the profiles were taken in the t ransverse  direction and a r e  consequently 
expected to reflect the distribution of lithium a s  a function of distance f r o m  
the evaporated surfaces.  The resul ts  indicate that af ter  the sample was 
0 heated f o r  66 hours a t  42 5 C ,  two regions of relatively uniform resistivity 
Figure  6. Effect  of Different Distr ibution Heat Trea tments  on the Potential  
Prof i l e  of Li-diffus ed  Silicon. 
2 3 
were  formed. These regions were  approxi~rlately 3.mm thick, which suggests  
that suitable samples  could probably be obtained by cutting "7mm thick 
samples lengthwise following s imi lar  diffusion and distribution heat  t r ea t -  
ments .  However, when these techniques were  applied to normal  sample 
blanks, potential profiles measured  along the 30mm length of the samples  
were  non-linear, and the apparent lithium concentration in the samples was 
much higher than desired.  
Other investigators have reported s imi lar  resu l t s  in attempting to p repa re  
18 
samples  having significantly smal le r  dimensions . Results of fur ther  ex- 
per iments  in which both evaporated lithium and LiAlH sources were  used  4 
revealed that the longitudinal potential profiles of samples  which were  dif- 
0 0 fused for longer than approximately 15 minutes a t  400 to 450 C were  non- 
l inear  regardless  of the t ime and tempera ture  of subsequent distribution 
heat  t reatments .  On the other hand, l inear  profiles were  nearly always 
0 
obtained for samples  which were  diffused for 5 to 10 minutes a t  400 C and 
distributed for  per iods of f r o m  12 to 24 hours  a t  this temperature.  A typical 
profile obtained f o r  such a sample i s  i l lustrated in  Figure 7. Sample TLP 
0 (Li)  12. 1 indicated in  the f igure was diffused for  -8 minutes a t  400 C and 
distributed for  24 hours  a t  the same  temperature.  Since diffusions were  
performed f r o m  four sides ra ther  than two, the procedure was expected to 
provide reasonable t r ansve r se  homogeneity along with the obviously good 

longitudinal uniformity. The very small  voltage drops near the ends of the 
sample further indicate that the soldered contacts we re  excellent. 
The sample was la ter  lapped on a l l  four sides to remove the surface layer, 
and the potential profile measurements were repeated. This procedure was 
repeated three t imes until the cross  -sectional dimensions of the sample were  
reduced more  than one-half. Results of these measurements a r e  shown in 
Table I1 and reveal that the resistivity of the sample increased very rapidly 
with depth,although the surface appeared to be uniform. The exterior and 
interior halves of the sample volume had resistivities of -7. 5 and 33 0-cm, 
respectively. Conside ring the initial doping level, the amount of lithium in- 
troduced into the exterior half of the volume was about five times that present  
in the interior.  After the third lapping, the resistivity of the sample was 
almost the same a s  that of the undiffused material.  This fact indicates that 
little o r  no lithium diffused into the central 20% of the sample during the 
diffusion and distribution heat treatments.  Similar studies were performed 
on other samples which exhibited linear potential profiles after shor t  dif- 
fusion and distribution cycles,and the results were  s imilar  to those shown 
in Table 11. For instance, one sample with only a 1 2  hour redistribution 
0 
a t  400 C had a measured resistivity of 4. 1 0-crn,while the interior one- 
half showed a value of 18 R-cm. 
TABLE 11. Effect  of Sur face  Removal  on  the Apparen t  Res i s t iv i ty  of 
Sample  T L P  (Li )  12. 1 
'$0 Volume 
Remaining 
100% 
4870 
30% 
19% 
Sample  Status 
60 Af te r  Co y- i r rad ia t ion  
and  i sochrona l  annea l s  to 
2 53Oc 
After  f i r s t  lapping 
Af te r  second lapping 
Af te r  t h i rd  lapping 
Thickness ,  
t 
( c m )  
0. 710 
0. 510 
0.410 
0 .331 
Resis t iv i ty  
(ohm- c m )  
12 .1  
33. 5 
85. 4 
112 
Width, 
w 
( c m )  
0 .660 
0.441 
0.340 
0 .277 
After it was discovered that the potential profile measurements  were  not in- 
dicative of the t r ansve r se  sample homogeneity, and that the relatively shor t  
diffusion and distribution hea t  treatments did not introduce lithium into the 
center of the samples,  further experiments were  performed in which samples 
were diffused and distributed for much longer periods and a t  higher temper-  
atures .  Following these treatments the resistivity was measured  a t  various 
points on the surface using a four-point probe. 
Figure 8 shows the resul ts  of such measurements  on a sample which was dif-  
fused for 60 hours  and distributed for  6 9  hours  a t  4 5 0 ~ ~ .  The resistivity in- 
dicated in the sample designation (3 .  6 R-cm) was determined f rom the poten- 
t ial  profile which i s  shown in Figure 9. The resul ts  indicate that the sample 
i s  nonuniform near  the ends but i s  relatively uniform over the central  region. 
Although the four-point probe measurements  were  performed on the s a m e  
surface used for  the potential profile measurements ,  the former  resul t s  
indicate a much l e s s  uniform sample with a higher resistivity than the poten- 
tial profile measurements  show. Similar resul ts  were  obtained for other  samples 
which were  measured  using these techniques. In addition, four -point probe 
measurements  performed a t  the center of each face of a given sample 
exhibited a wide range of values. 
Potential ~ r o f i l e  measurements  were performed on T L P  (Li)  3.6 af ter  i t  
was successively lapped to remove the surface, The effect of surface 
RELATIVE POSITION ON SAMPLE (m) 
Figure 8. Resistivity a s  a Function of Posit ion Along One Side of a Li-diffused 
Sample. (Measurements determined by four-point probe technique). 

removal  on the apparent resistivity of the sample i s  i l lustrated in Table 111. 
Two points' a r e  apparent:  1 )  The longer diffusion did reach the ent i re  c rys t a l  
volume, and produced a relatively uniform resistivity.  2 )  The outer portion 
of the sample actually attained a higher resis t ivi ty  than the in te r ior ,  indicating 
some surface loss  mechanism. This ag rees  with the data of F igure  9, where  
the ends of the samples  appear to exhibit high resistivity.  Evidently some sample 
t reatment  intermediate between that given in Tables I1 and I11 would be optimum. 
TABLE 111. Effect of Surface Removal on the Apparent Resistivity 
of Sample T L P  (Li)  3. 6 
I 
Sample Status 
After 60 hour diffusion 
and 69  hour distribution 
a t  4 5 0 ~ ~  (sample shortened 
by cutting l m m  f r o m  each 
After third lapping 
I 
I 
7' Volume 
Remaining 
Resistivity 
(ohm- c m )  
Thickness 
t 
( cm)  
Width 
w 
(cm) 
3 . 4  Recombination Pa ramete r s  
19 Comparison of the data of Figure 3 with that of Downing indicates a s imi l a r -  
ity a t  the tempera tures  for which the data overlap. However, our  higher tem-  
pera ture  data cannot be explained on the simple bas is  used by Downing. It i s  
c lear  that a much deeper  energy level i s  responsible for  recombination. Although 
these l imited data do not provide an accurate  estimate of a position, s eve ra l  
worthwhile conclusions can be  drawn. F i r s t ,  since the lifetimes associated 
with two levels add reciprocally,  the observed slopes cannot be  attributed to 
activation energies of two energy levels because the s teeper  slope would occur 
a t  the lower tempera tures ,  not a t  the higher temperatures  a s  i s  the case  here .  
This fac t  i s  readily demonstrated by the reciprocal  addition of two lifetime 
components, one with a shallow slope and one with a s teep slope. We con- 
clude that the shallow slope i n  the lifetime temperature dependence curve  
cited by Downing and observed a t  the lower temperatures  in  the present  c a s e  
does not directly yield a recombination center energy level position. 
Fur ther  analysis was based on the Hall-Shockley-Read model. The expression 
employed for  minority c a r r i e r  lifetime i s  
where a l l  t e r m s  have their usual  meaning. The apparent activation energy a t  
lower tempera tures ,  f rom 0. 06 Ref. 19 to 0. 09 eV, quite likely corresponds to 
a variation of hole capture probability with temperature (dominance of the 
1 / c  N te rm) .  At the higher t e m p e r z t ~ r e s  the domir,ant term is either 
P 
p /c nN or  n /c  nN. If the la t te r  i s  the case,  the energy level position can 1 n 1~ 
be determined f rom the intersect ion of the two lines through the high and low 
temperature portions of the curve. At that point, n = n. 1 This occurs  a t  
0 -1 1000/T ~ 2 .  52 K , yielding an  energy level position a t  E - E w 0.40 eV. 
c r 
Since the capture probability tempera ture  variation observed a t  lower temper-  
a tures  and the tempera ture  dependence of the density-of-states function would 
affect the higher tempera ture  slope, the observed slope should be *0. 53 eV. 
This value i s  s imi lar  to that observed. On the other hand, i f  the t e r m  con- 
taining p dominates, the level would be  near  the center of the gap. Fur the r  1 
investigation will be required to provide m o r e  definitive information, par t ic  - 
ular ly i n  view of the lack of homogeneity of the sample a s  discussed i n  the 
previous section. 
3.  5 Additional Studies on Al-Doped Mater ial  
We have seen up to this point that the radiation sensitivity of both pulled and 
float-zone gamma-irradiated Al-doped Si (not hea t  t reated)  does not appear  to 
8 differ significantly f r o m  that of B -doped mater ia l .  Our previous studies have 
indicated that heat-  t reated C zochrals ki- grown Al-doped Si, which exhibited 
significant resis t ivi ty  changes, i s  les s sensitive to neutron i r radiat ion than 
B-or  Ga-doped mater ial .  Having eliminated a l l  other major  var iables  i n  our 
gamma-irradiat ion studies of Al-doped mater ia l ,  it remained to examine the 
radiation sensitivity of heat- t reated pulled crys ta l  specimens. Before d i s -  
cussing the experiments,  a summary of some pertinent work contained in  the 
l i te ra ture  i s  given. 
3 ,  5. 1 Li terature Background 
Resistivity changes in undoped, hea t  t reated,  pulled-crystal  silicon were  f i r  s t  
20 
repor ted  16 years  ago. Such changes were  explained qualitatively on the 
bas is  of the formation of silicon-oxygen compounds, one of which (SiO ) ac ts  4 
a s  a donor below " 5 0 0 ~ ~ .  21 In studies of the effects of dopants (B, Ga, and 
Al) on the observed phenomena, it was found that considerably l a rge r  c a r r i e r  
concentration changes occurred  in doped specimens than was previously noted 
22 
for  undoped mater ial .  Additionally, a considerably l a rge r  percentage (using 
the acceptor  concentration a s  a base)  of donors was found to f o r m  in  Al-doped 
mater ia l  than in  the B o r  Ga cases ,  and the donors appeared to be considerably 
0 
m o r e  stable above 500 C. 
A m o r e  detailed study of the effects of accept0r.s and oxygen on heat- t reated 
11 
silicon was performed by Ful le r ,  e t  al. ( r e fe r red  to a s  I below). In this 
study, resul ts  for  Ga-doped ma te r i a l  were  found to be  quite s imi lar  to those 
obtained for  B doping, but, a s  before,  Al-doped ma te r i a l  exhibited a some-  
what different behavior. Before discussing the differences, some general  
features  of the resu l t s  in I a r e  summarized. Heating oxygen-containing, 
acceptor-doped silicon for  long periods ;at  the proper  temperature (typically 
in the range of 4 0 0 - 5 0 0 ~ ~ )  resu l t s  i n  the formation of donor s i tes  with a c -  
companying c a r r i e r  concentration changes. The amount of change depends 
pr imar i ly  on four pa ramete r s :  1)  acceptor concentration; 2)  oxygen con- 
centration; 3) heat- t reatment  temperature;  4) amount of t ime the specimen 
i s  heat- t reated a t  a par t icular  temperature.  The reactions that produce the 
observed c a r r i e r  concentration changes were  not definitely determined in  
I ,  but the data supported the postulation of the formation of pr imar i ly  three  
distinct compounds: 1) SiO donor s i tes ;  2)  neutral  oxygen-acceptor s i tes ;  
4 
34 
3 )  acceptor-oxygen s i tes  that ac t  a s  donors. Considerably l a r g e r  c a r r i e r  
concentration changes could be obtained in Al-doped ma te r i a l  than in  com-  
parable B -doped specimens. In fact, par t icular  Al-doped samples  were  
actually converted to n-type; this was not possible in  the B case.  It i s  post-  
ulated that the reason for  this difference m a y  be that acceptor-oxygen donor 
s i tes  a r e  formed m o r e  readily in the A1 case  than for  B doping. 
3.5,. 2 Experimental 
We f i r s t  descr ibe prel iminary experiments performed to study resis t ivi ty  
changes in heat- t reated specimens. Eleven Al-doped crucible-grown s a m -  
ples which had initial l ifetimes shor te r  than % 10 us and which exhibited ex- 
0 
cessive trapping were  annealed for  8 hours  a t  460 G to determine the effect 
of this t rea tment  on the electr ical  propert ies  of this mater ial .  In an  e a r l i e r  
experiment,  two s imi lar  samples  were  converted to high resis t ivi ty  n-type 
af te r  heating for  24 hours  a t  this temperature.  The use of a shor te r  anneal- 
ing period was expected to produce m o r e  moderate  changes i n  the la te r  
samples .  Four  of the hea t  t reated samples were  obtained f r o m  four different 
General  Electr ic  c rys ta l s  which had very  shor t  lifetimes. Before they w e r e  
annealed, the recombination behavior of these samples was dominated by 
a very  slow trapping center with an  effectiv e l ifetime of approximately 1 
second a t  room temperature.  The lifetime of one of the samples  was m e a -  
sured  a s  a function of temperature and the resul ts  a r e  shown in F igure  10, 
Figure 10; Recombination Behavior of a-n A 1 -  doped Sa..mple Showing the 
Ef fec t s  of Slow T r a p s .  
0 0 
Observe that in the range f rom approximately 40 C to 100 C (2.  7 < 1 0 0 0 / ~  
0 -1 ( K ) < 3 . 2 ) ,  the apparent lifetime of the sample decreased by more  than 
three orders  of magnitude. This behavior and the apparent decrease in 
lifetime with increasing temperature confirms that the photoconductivity 
decays were associated with trapping time constants rather  than recombination 
processes pr ior  to annealing. 
The presence of these t raps rendered the initial lifetimes of most  of the eleven 
samples uncertain. The sample resistivity was also monitored to determine 
the effects of the 8-hour anneal. The resistivities and lifetimes a t  room tem- 
perature before and after the anneal a r e  shown in Table IV. The initial r e s i s -  
tivity values were determined from potential profiles which were performed on 
each sample before the anneal. Since potential profile measurements a r e  rela-  
tively time-consuming, these measurements were not repeated on annealed 
samples unless the samples exhibited significant lifetime increases af ter  the 
heat treatment. If no such improvement was observed, the post-anneal r es i s -  
tivity value was calculated from the measured resistance a t  room temperature. 
Consequently, the small  resistivity changes indicated for some samples may 
be due to differences in the measurement techniques. 
An examination of the data in Table IV shows that the resistivity of mos t  of 
the samples increased a s  a result  of the anneal. Since soldered contacts 
were used on the samples, i t  was necessary to remove them before the an- 
neal and to replace them afterward. The quality of the replaced contacts 
was determined by measuring the sample resistance in reverse  directions 
TABLE LV - Effect of Heating for  8 hours  a t  4 6 0 ~ ~  on the  Lifetime 
and Resis t ivi ty  of Al-doped Silicon 
Resistivity - 
\I, 
Sample Crys t a l  ohm c m  Lifetime - ps'" 
Designation No. Initial . Fina l  Initial F ina l  
GCAl 4 .0  
GCAl 4 . 0  
GCAl 5 . 8  
GCAl 9 . 1  
ACAl 1 . 8  
ACAl 1 . 8  
< 1. O(T) ( T )  
( 1 . 0  (T 
14. 3(T)  1.1 ( T )  
< l . O ( T )  1 .6  
8. 7(T)  8 . 1  ( T )  
ACAl 3 . 7  
ACAl 4 .9  
ACAl 5 .0  
<1. O(T) ( T )  
<1. O(T) ( T )  
ECAl 1 . 5  
ECAl 1 . 7  
::Lifetime value uncertain due to  rectification (R)  o r  trapping (T) .  
a t  both room temperature and d ry  ice temperature.  With the exception of 
samples GGAI  5. 8 and G C k i  9. 1, none of the samples rectified after the an-  
neal. Additional measurements  on these samples revealed that the rectifica- 
tion occurred a t  a junction in the ma te r i a l  which was not observed before the 
anneal and did not involve the contacts. 
The preliminary experiments described above, which resulted in the data of 
Table IV,  were  helpful because they demonstrated particular conditions under 
which appreciable resistivity changes could be realized and also made u s  
aware of the special problems associated with measuring recombination 
lifetimes in Al-doped pulled crys ta l  material .  In the light of this information, 
a new experimental approach was utilized in subs equent investigations . The 
main differences were  the following. F i r s t ,  it was attempted to obtain s a m -  
ples with resistivit ies (after heat- t reatment)  that were  within a factor  of 
-2  of those values commonly used in solar cells. Second, in  order  to closely 
monitor resistivity changes a t  various t imes during heat  t reatment  with a 
minimum of effort expended, four point probe techniques were  used instead 
of the usual potential profile method. Several comparisons of the two methods 
yielded agreement  within 2. 10-20% for unannealed Al-doped specimens. Third, 
multiple pulse techniques were  found to be quite useful in separating recom- 
bination lifetimes and trapping effects. The method involves using f r o m  5 
to 10 x-ray pulses in rapid succession to excite c a r r i e r s  in the samples.  
The x-ray apparatus used i n  the measurement  of lifetimes i s  capable of em- 
itting seven i 5 0  keV x-ray  puises per  second. Repeated pilisirig fills up 
long time constant t r aps ,  and a saturation condition i s  reached in which ex- 
ponential decays due to recombination can be separated f rom trapping effects. 
Samples measuring 2.7 x 7 x 30mm were prepared  f r o m  Al-doped crucible-  
grown ingots obtained f r o m  Texas Instruments ,  Electronic Space Products ,  
and Allegheny. Cornparis on samples of B -doped ma te r i a l  (obtained f r o m  
Dow and Knapic) were  a l so  prepared. After lapping a l l  surfaces,  resis t ivi ty  
measurements  were  made  using a four -point probe. Readings were  typically 
made  a t  three positions on a l l  four sides of the samples  for forward and r e -  
v e r s e  polarit ies.  An average resistivity reading was obtained, based on a l l  
readings. The Al-doped specimens were then subjected to long periods of 
heat-treating. Resistivity measurements  were  made a number of t imes  
during the t reatment  in  order  to monitor closely any changes with time. 
Table V gives the annealing his tory of each sample and the initial and final 
resistivity values. F igure  11 shows the resis t ivi ty  variation with t ime for 
sample TCAl 0.2 during hea t  t reatment  a t  4 5 0 ~ ~  for  315 hours .  
Following hea t  t rea tment  of the Al-doped specimens, room tempera ture  
lifetime was measured  for a l l  samples and i s  given in Table V. It i s  i n -  
terest ing to note that  p r io r  to heat  t reatment  the l ifetime in Al-doped ma- 
te r ia l  i s  usually too shor t  to be measured.  Heat t reatment  inc reases  
the l ifetime considerably. All samples were  then gamma-irradiated 


16 2 
a t  dry ice  temperature to a dose of -2.2 x 10 photonslcm , room temper -  
a ture  lifetime was remeasured  af ter  -1 hour a t  room tempera ture  and damage 
constants calculated (see  Table V). Following this,  i r radiat ion was resumed 
16 2 
to a total dose of -4. 5 x 10 photons / c m  . Post- i r radiat ion l ifetimes and 
damage constants following this second i rradiat ion a r e  a l so  given in Table V, 
a s  a r e  resul ts  following a third irradiation to a total dose of - 1. 0 x 10 
17 
L photonslcm . 
3.5. 3 Results 
Before discussing the damage constant resu l t s ,  it should be mentioned that 
i t  i s  difficult to predict  how much the resistivity of a par t icular  sample will  
change a t  a specific tempera ture  in  a given time period unless the oxygen 
concentration i s  known. We did not per form studies to determine oxygen 
content, but instead used a t r ia l -and-er ror  method while employing the r e -  
sults of I a s  a guide. In any future studies,  our experience on a number of 
samples using the rough technique, coupled with the data of I and accura te  
oxygen concentration determinations,  should enable us to accurately specify 
the temperature and annealing t ime necessary  to produce desired resis t ivi ty  
changes in Al-doped samples.  
The resul ts  of Table V indicate an apparent correlation betweec 
damage constant and resistivity change; i. e. , those samples which 
experienced the l a rges t  percent  increase  in resistivity upon heat  
t reatment  (TCA1 0.252 and ECAl 1. 53) exhibited a significant decrease  
in radiation sensitivity. After a l l  three i r radiat ions,  the damage 
constant for  sample TCAl 0.252 was a fac tor  of -- 6 g rea te r  than that fo r  the 
low resistivity B-doped samples (KCB 0. 393 and 0. 372). After 2 .2 x 10 16 
2 photonslcm , sample ECAl 1.53 had a damage constant that was a factor of 
% 4  grea ter  than that for the three  B-doped "2 S2-cm control samples.  After  
17 2 1. 0 x 10 photonslcm , the damage constant for  this sample was "an o r d e r  
of magnitude g rea te r  than that  for the controls. (The anomalously high dam-  
16 2 
age constant for  sample ECAl 1-53 af ter  4 .5 x 10 photons / c m  may  possibly 
reflect an e r r o r  in measurement ,  especially since the measured  l i fe t ime i s  
actually higher than that measured  af ter  the lower dose irradiation. ) To in-  
su re  that recombination lifetimes were  being measured  instead of trapping 
t imes fo r  samples TCAl 0.252 and ECAl 1.53, lifetime was measured  a s  a func- 
tion of temperature slightly above and below room temperature af ter  the 
16  2 2.2 x 10 photons/cm irradiation. A decrease  in lifetime with decreasing 
temperature was found for both samples ,  which supports the conclusion that 
recombination l ifetimes were  being observed, 
Sample TCAl 1.26, which experienced about a 5070 resistivity increase ,  exhib- 
i ted a damage constant slightly grea ter  than the control samples af ter  the f i r s t  
irradiation. After the second and third i r radiat ions,  K was a factor of -2  and 
of -4, respectively, grea ter  than in the controls. Sample TCAl 2. 5 1, the r e -  
sistivity of which did not change ve ry  much upon heat-treating, exhibited a 
damage constant that  was slightly l e s s  than that of the B-doped -\.2 0 -cm 
specimens af ter  a l l  th ree  i r radiat ions.  After the second irradiation, the K 
value f o r  sample ACAl 1. 7 7  was slightly l e s s  than a factor of 2 grea ter  than that 
for the control samples .  After the third irradiation, this factor decreased to 
near  unity. The resis t ivi ty  change in this sample was "209'0. 
We see  that the resul ts  obtained a r e  qualitatively s imi lar  to our previous 
8 data for  neutron-irradiated mater ia l .  Pul led-crystal  Al-doped Si  that  
undergoes an  appreciable resis t ivi ty  change upon heat- t reatment  ( 5 a fac tor  
of two) appears  to be significantly l e s s  sensitive to both neutron and gamma 
irradiat ion than comparable B-doped crucible-grown mater ial .  It i s  e n -  
couraging to note that although m o r e  work will be necessary  to thoroughly 
explore the limitations, optimization, and applicability of our findings, all 
data obtained to the present  support the conclusion stated above. Because 
of this favorable support, we feel  that i t  i s  reasonable to predict  that 
additional work (which would extend our initial resu l t s  reported he re )  m a y  well 
resu l t  in the development of a solar  ce l l  which i s  "one o rde r  of magnitude 
les s sensit ive to radiation than current ly used devices,  
The interesting question i s  ra i sed  a s  to whether heat-  t reated B-doped ma te r i a l ,  
which experiences an  appreciable resistivity change, would a l so  be m o r e  r a -  
diation tolerant. The data of I indicate that significant resis t ivi ty  changes 
a r e  possible f o r  oxygen-rich B-doped specimens. We have not examined 
this question in  detail  a s  yet, but such a study would s e e m  to m e r i t  a t ten-  
tion. However, it i s  indicated in  I that donors produced in heat- t reated B-  
0 doped ma te r i a l  disappear above -800 C, a s  compared to "1 1 0 0 ~ ~  in Al-
doped mater ia l .  Hence, heat- t reated B-doped ma te r i a l  would s e e m  to b e  
0 l e s s  suited to applications requiring high temperature diffusions ( > 800 C). 
The question a r i s e s  a s  to what mechanism i s  responsible for  the observed 
decrease  in radiation sensitivity for Al-doped mater ia l .  It i s  difficult to 
even speculate a t  this ear ly  stage precisely what interaction(s) a r e  occurring. 
The effect of the radiation-induced defects on lifetime i s  being diminished 
presumably by an interaction between these defects and one o r  m o r e  of the 
three  types of compounds (mentioned above) thought to be  formed during 
hea t  t reatment .  The SiO donors can m o s t  likely be  ruled out because they 4 
presumably a r e  present  in considerable quantity in heat- t reated ma te r i a l  
which has  not experienced a significant resis t ivi ty  change. Because of the 
indicated correlation between resistivity change and decreased radiation 
sensitivity, i t  i s  tempting to speculate that the Al-oxygen donor s i tes ,  which 
apparently enhance the change in  c a r r i e r  concentration, are involved in  
reducing the effectiveness of the radiation-induced defects. 
CONCLUSIONS AND RE COMMENDATIONS 
In this report ,  we have described investigations of radiation effects on both 
Al- and Li-doped bulk silicon. Initial studies of Li -  doped m a t e r i a l  indicated 
that this ma te r i a l  is  significantly m o r e  radiat ion-resis tant  than P- doped 
samples  of comparable resis t ivi ty  and growth type. Isochronal annealing 
studies revealed the presence of r eve r se  annealing behavior in  seve ra l  
0 
samples  a f te r  annealing a t  72 C.  In another sample,  m o r e  than 60% of the 
0 damage was removed af te r  the 72 C anneal. These differences led us  to  
cr i t ical ly  re-analyze the homogeneity of our Li-doped samples ,  and i t  was 
discovered that Li  had not been diffused uniformly throughout the bulk of 
the specimens. This fact makes the interpretation of our initial radiation- 
res i s tance  studies on Li-doped mater ia l  somewhat uncertain. We then developed 
a procedure involving a diffusion and the distribution cycle employing considerably 
longer t imes and higher temperatures  than previously used. The homogeneity 
of a sample  prepared by this technique was markedly improved over those 
initially employed. 
Considerably m o r e  positive resul ts  were  obtained in the studies of Al-doped m a -  
ter ia l .  It i s  demonstrated that C zochralski-grown Al-doped Si that undergoes an 
appreciable resistivity change upon heat t rea tment  ('5 a factor of two) appears  
to be significantly l e s s  sensitive to  gamma irradiation than B -doped crucible- 
grown mate r i a l  of comparable resistivity.  We feel  that these resu l t s  represent  
an  important breakthrough which should have a significant impact on future 
solar  ce l l  technology. Because these new findings occurred quite la te  in our  
program, our data i s  somewhat l imited in scope and i t  i s  evident that addi- 
tional work will be necessary  to m o r e  thoroughly explore the l imitations,  
optimization, and applicability of the discovery. 
In view of the potential impact  of radiation-insensit ive Al-doped m a t e r i a l  on 
solar  ce l l  applications, we recommend that the following re sea rch  and de-  
velopment p rogram be  initiated in  the very near  future. 
(1) Obtain a var iety of low resistivity ( < 1 R-cm) Czochralski-grown 
Al-doped silicon ingots with a range of oxygen concentrations. 
( 2 )  Use infrared absorption measurements  to determine oxygen 
concentrations in the various crystals .  
( 3 )  Establish a s  a final goal the development of radiation insensitive 
mater ia l  of a par t icular  resistivity (for example, 1 R-cm) that 
would be appropriate f o r  a solar  cell  base.  
(4) Using the resu l t s  of the present  report  and those of reference 11 
a s  guides, hea t - t rea t  a l l  specimens in an  attempt to increase  the 
resistivity of each to the des i red  goal (i. e. , 1 R-cm). It will  
be necessary  to optimize the temperature,  total annealing t ime,  
and oxygen concentration to accomplish this task for  a specimen 
with a given init ial  resistivity.  
(5)  I r rad ia te  all of the heat- t reated.  specimens that have attained 
the des i red  resistivity goal and determine damage constants, 
using boron-doped samples  a s  controls. Determine what con- 
ditions (i. e. , star t ing resistivity,  oxygen concentration, tem-  
pera ture  and length of hea t  t reatment)  optimize the radiation 
tolerance of Al-doped mater ia l .  
(6 )  Conduct long- t e r m  gamma irradiat ions of the optimum mate  r i a l  
to  study dose effects.  
( 7 )  Determine what effects the technology used in  the preparat ion 
of a solar  cell  will have on the propert ies  of the optimum mater ia l .  
Specify the technological s teps to be used in the manufacture of 
an  Al-doped n-on-p solar  cell  that will insure  radiation tolerance. 
(8) P r e p a r e  and t e s t  the radiation sensitivity of Al-doped silicon 
so lar  cells.  
5. NEW TECHNOLOGY 
This repor t  contains findings which we feel  comprise  new technology. I t  i s  
demonstrated that heat- t reated Czochralski-grown Al-doped silicon that 
undergoes an  appreciable resistivity change (5  a factor of 2 )  i s  significantly 
l e s s  sensit ive to gamma irradiat ion than comparable B -doped mater ia l .  The 
optimum resistivity change (or ,  m o r e  precisely,  c a r r i e r  concentration change) 
remains to be determined. As i s  shown in reference 11, the amount of change 
depends on the init ial  c a r r i e r  concentration, the oxygen concentration and 
the temperature and length of heat- t reatment .  We have typically used 4 5 0 ~ ~  
for periods of t ime ranging f r o m  hours  to hundreds of hours  to obtain signi- 
ficant resistivity changes. Following fur ther  study of these initial findings, 
the development of solar  cells that  a r e  significantly m o r e  radiation tolerant  
than those current ly employed may  well become a reality. 
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